Dicer has a central role in RNA-interference pathways by cleaving double-stranded RNAs (dsRNAs) to produce small regulatory RNAs. Human Dicer can process long double-stranded and hairpin precursor RNAs to yield short interfering RNAs (siRNAs) and microRNAs (miRNAs), respectively. Previous studies have shown that pre-miRNAs are cleaved more rapidly than pre-siRNAs in vitro and are the predominant natural Dicer substrates. We have used EM and single-particle analysis of Dicer-RNA complexes to gain insight into the structural basis for human Dicer's substrate preference. Our studies show that Dicer traps pre-siRNAs in a nonproductive conformation, whereas interactions of Dicer with pre-miRNAs and dsRNA-binding proteins induce structural changes in the enzyme that enable productive substrate recognition in the central catalytic channel. These findings implicate RNA structure and cofactors in determining substrate recognition and processing efficiency by human Dicer.
Dicer is a specialized multidomain RNase III enzyme that cleaves dsRNA precursors into ~21-base-pair (bp) small RNA duplexes that guide gene regulation by RNA interference (RNAi)-related pathways 1, 2 . In addition to the two tandem catalytic (RNase III) domains, most metazoan Dicer proteins include an N-terminal DExH/D (ATPase-helicase) domain, a DUF283 domain, a PAZ domain and a double-stranded RNA-binding domain (dsRBD) (Fig. 1a) . During RNA processing, Dicer's PAZ domain recognizes the 5′ phosphate and the 2-nucleotide (nt) 3′ overhang of a dsRNA substrate and positions the RNA for cleavage at a distance specified by the length between this domain and the intramolecular RNase III heterodimer [3] [4] [5] . Dicer can recognize and cleave two major types of double-stranded RNAs. The enzyme processes hairpin RNA precursors to produce miRNAs, whereas it liberates siRNAs from long double-stranded substrates.
Although some organisms express two or more Dicer variants 6 , human cells contain a single Dicer isoform. The majority of natural Dicer products in mammalian cells are miRNAs 7, 8 , although human Dicer is capable of processing both types of dsRNA substrates in vitro 9 . The enzyme cleaves pre-miRNAs at maximal rates two orders of magnitude higher than those measured for pre-siRNAs, and the autoinhibitory role of its N-terminal DExH/D domain in the processing of these perfect pre-siRNA duplexes has been established 9, 10 . In humans, Dicer functions as a heterodimer with double-stranded RNAbinding protein (dsRBP) partners TRBP and PACT. These dsRBPs assist in RNA recruitment, positioning and loading of products into RNA-induced silencing complexes [11] [12] [13] . Functional data support a role for the ATPase-helicase domain in recognizing dsRNA ends and terminal loops of hairpins in various eukaryotes [14] [15] [16] . However, the mechanism by which human Dicer distinguishes pre-miRNAs from pre-siRNAs and the role of the helicase domain in processing these substrates remains unclear.
An obstacle to understanding Dicer's mechanism is the lack of structural information. We and others have previously obtained threedimensional (3D) reconstructions of human Dicer by negative-stain EM, revealing an L-shaped enzyme architecture with a flat platform density and a bilobed base branch perpendicular to the platform 17, 18 . We identified the base branch in the structure as the N-terminal DExH/D domain of human Dicer by examining the structure of a DExH/D domain-truncated mutant 18 . Recently, a revised topology for the enzyme has been proposed that reconciles previous Dicer models with some of its biochemical properties 19 . However, the mechanism of RNA recognition and binding by Dicer remains a major missing piece of structural information.
Because of the small size and dynamic nature of Dicer-RNA complexes, crystallography and conventional defocus-based phase contrast cryo-EM have had limited success in structural studies. To gain structural information on RNA recognition by Dicer, we have used Zernike phase contrast cryo-EM (ZPC-cryo-EM) [20] [21] [22] [23] [24] [25] to obtain 3D reconstructions of human Dicer bound to a pre-siRNA or a pre-miRNA substrate. These structures, along with a quantitative single-particle analysis of the conformational dynamics of the enzyme in response to substrates and dsRBP cofactors, support a structural A r t i c l e s model for small-RNA-precursor processing in humans. These results have important implications for the understanding of human Dicer's substrate selectivity and of how the activities of human Dicer relate to more specialized Dicers in other eukaryotes.
RESULTS

Domain architecture of human Dicer
Previous structural studies of human Dicer have defined the overall L-shaped architecture of the enzyme 17, 18 . To unambiguously determine the overall topology of the protein and to identify specific domains, we performed single-particle EM analysis of human Dicer in complex with antibodies recognizing specific regions of the enzyme. Reference-free two-dimensional (2D) alignment and classification of the human Dicer-antibody complexes produced two distinct types of class averages: one in which a single Dicer molecule is bound to a single antibody and a second in which two Dicer molecules are tethered by a single antibody. Both types of averages revealed clear and consistent locations of antibody binding ( Fig. 1b and Supplementary Fig. 1a,b ). We found that monoclonal antibody (mAb) 77, which recognizes an epitope in the C-terminal RNase IIIa and IIIb domains 26 , labeled the hinge region between the base branch and the platform (Fig. 1b) , whereas mAb 83, which recognizes Dicer's PAZ and DUF283 domains 26 , labeled the cap of the platform (Fig. 1b) .
In agreement with our previous results, an antibody that binds the N-terminal hexahistidine tag specifically labeled the tip of human Dicer's base branch (data not shown) 18 . These results suggest an overall topology for the protein in which the polypeptide chain folds back on itself, bringing the N and C termini into proximity. Our results using antibody-guided localization of domains in the native enzyme agree with the topology recently proposed in a study of engineered Dicer proteins 19 .
Cryo-EM structure of human Dicer
To visualize RNA binding to Dicer by EM, we examined the frozenhydrated enzyme by cryo-EM. Unfortunately, individual human Dicer particles observed by conventional cryo-EM could not be easily identified because of their small size (~220 kDa; Supplementary Fig. 2a ). We turned to the recently developed EM technique ZPC-cryo-EM to obtain 3D structures of Dicer and Dicer-RNA complexes. This method uses a thin carbon film with a small hole in the center (a phase plate) that is inserted in the back focal plane of the objective lens of the microscope to retard the phase of scattered electrons by π/2. This changes the contrast transfer function (CTF) from a sine to a cosine function 20 and provides higher contrast for ice-embedded specimens and for detection of macromolecules as small as 100 kDa (ref. 27 ).
Using ZPC-cryo-EM, we observed ice-embedded Dicer molecules with contrast that was one order of magnitude higher than with conventional cryo-EM and could easily identify single particles in raw micrographs ( Supplementary Fig. 2b ). After high-pass filtering the micrographs taken with the phase plate by using a modulating function (Supplementary Note and Supplementary Fig. 2c-e ), we used conventional single-particle reconstruction methods to obtain a 3D reconstruction of human Dicer at ~26-Å resolution from 4,800 particle images (based on the 0.5 Fourier shell correlation (FSC) criterion; Fig. 1c and Supplementary Fig. 3a-c) . The cryo-EM reconstruction of human Dicer matches the overall molecular architecture of our previous negative-stain reconstruction. Guided by the antibody-labeling results, we were able to dock the atomic models of Giardia intestinalis Dicer (PDB 2QVW 28 ) into the platform, with the PAZ anchored in the larger lobe of the cap and a PHYRE 29 homology model of human Dicer's DExH/D domain based on human RIG-I (PDB 2YKG 30 ) into the base branch of the reconstruction (Fig. 1c) .
Cryo-EM structures of human Dicer-RNA complexes
In vitro dicing assays have shown that human Dicer processes a 35-bp pre-siRNA (37ab) with maximal cleavage rates (k cat /K m ) that are two orders of magnitude slower than those measured for a pre-miRNA (pre-let-7), although the binding affinities for the RNA substrates are similar 10 . This suggests that the two precursors interact with the protein differently or that substrate-specific conformational 
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A r t i c l e s rearrangements account for the selectivity of the enzyme. To determine the structural basis for substrate-specific processing-rate differences, we performed ZPC-cryo-EM of human Dicer bound to either 37ab or pre-let7 in a buffer containing EDTA to retain binding while inhibiting the processing of the RNA. Raw micrographs of Dicer in complex with RNA contained particles with similar contrast to those of apo-Dicer. Using the 3D density of apo-human Dicer lowpass filtered at 80-Å resolution as an initial model, we performed 3D maximum-likelihood heterogeneity analysis 31 of human Dicer in complex with 37ab or pre-let7. For each human Dicer-RNA complex, one subgroup of particles showed clear additional density in the resulting reconstruction and was further refined (Supplementary Fig. 3d ). Using these methods, we obtained cryo-EM reconstructions of human Dicer in complex with 37ab or pre-let7 at 29-Å and 31-Å resolution (0.5 FSC criterion) from 6,200 and 4,100 particles, respectively ( Fig. 2a,b and Supplementary Fig. 3a,e-h) .
The reconstruction of human Dicer-37ab showed a prominent additional rod-shaped density extending from the cap to the base branch of the enzyme ( Fig. 2a ). There is a relative rotation between the cap and platform regions of human Dicer, possibly induced by the bound RNA, causing the PAZ domain to pivot down toward the platform of the enzyme (Supplementary Fig. 3i ). To model the interaction between Dicer and a pre-siRNA, we docked the major domains of Dicer and a 35-bp A-form RNA duplex representing 37ab into the reconstruction. The additional rod-shaped density can easily accommodate the RNA duplex. The arrangement of human Dicer's PAZ and DExH/D domains traps the dsRNA ~30 Å outside of the platform region. Effectively, these domains hold the dsRNA in a noncatalytically competent state away from the RNase III active sites of the enzyme. This architecture provides a structural explanation for the autoinhibitory role of the DExH/D domain in the processing of this substrate.
In contrast, the cryo-EM reconstruction of human Dicer-pre-let7 showed an additional globular density ( Fig. 2b) connected to human Dicer's platform near the end closest to the base branch. This is the same region that was labeled by mAb 77, which recognizes an epitope near the RNase IIIa and IIIb domains. Binding of this RNA is accompanied by an outward bending of the branch away from the platform, which exposes the pre-let7-binding site ( Supplementary Fig. 3j ). There is also a smaller rotation of the cap relative to the platform of human Dicer. On the basis of our cryo-EM structures of both Dicer-RNA complexes, the two major precursors of human Dicer bind the enzyme in a substrate-specific manner.
Substrate-specific conformational dynamics of human Dicer
We hypothesized that pre-let7, unlike the pre-siRNA, may induce a conformational change in human Dicer that accounts for its access to the platform region in our 3D structure and for the preferential dicing activity observed in vitro. We further investigated the conformational dynamics of human Dicer in the presence of pre-let7 and 37ab, using negative-stain EM, and focused 2D classification as previously described 32, 33 . All samples were prepared on ice to ensure that we were not observing structural changes as a result of dicing activity. We performed reference-free 2D alignment and classification for apo-Dicer and both of the human Dicer-RNA complexes ( Supplementary  Fig. 4 and Online Methods). Approximately 50% of the class averages from each independent set of particles showed the characteristic L-shaped view of human Dicer, in which the cap has a triangular shape and the platform has a large elliptical density with a small knob at the end, closest to the connection to the branch ( Supplementary  Fig. 4a,b) . For the apo-Dicer particles, a majority of the class averages in the L-shaped view showed the canonical positioning of the branch and platform roughly perpendicular to one another, as previously observed [17] [18] [19] (Supplementary Fig. 4a ). Notably, although some of the class averages in the Dicer-RNA complexes showed the canonical perpendicular arrangement of the platform and base branch, many class averages showed a wide distribution of angles between them ( Supplementary Fig. 4b ).
We performed a rigorous 2D focused classification procedure on this preferred, well-characterized view of the enzyme to quantitatively describe the heterogeneity present in each of the samples. For each particle stack, we aligned all of the particles corresponding to the L view to the rigid platform and cap density ( Supplementary  Fig. 4c,d) . Classifying the aligned particles on the basis of a mask encompassing the possible positions of the branch, we obtained class averages of the enzyme with clear features for both the rigid core and base branch ( Supplementary Fig. 4e,f) . We used ten-squarepixel boxes to place a marker in the middle of the cap, the circular bulge at bottom of the platform and the tip of the base branch in each class average, then used the centers of these boxes as coordinates A, B and C, respectively, for distance measurements between domains (Fig. 3a, inset and Supplementary Fig. 4g ). AB (platform length) within the rigid core consisting of the platform and cap was measured to be between 106 and 110 Å for each data set analyzed, with an s.d. of ~5 Å (Supplementary Fig. 4h-j) . This suggests that the cap and platform of the enzyme do not change in response to substrate and, because the pixel size is 4.36 Å, demonstrates the accuracy of our measurements to within approximately one pixel.
To calculate class averages of certain conformations of the enzyme, we summed particle images within a defined range of AC and BC distances, describing the position of the mobile branch domain relative to the rigid platform and cap, AC (cap-branch distance) and BC (branch length). Using this method, we visualized, in addition to the characteristic L-shaped conformation of Dicer, four populated states with the base branch bending away from or toward the platform, with either an extended or contracted branch ( Fig. 3a) . We plotted the 2D distributions of branch length (BC) versus cap-branch distance (AC) for apo-Dicer and each Dicer-RNA complex, where each point represented the measurements of a specific class average ( Fig. 3b-d) . Figure 1 . The pre-siRNA, 37ab, is modeled as a 35-bp A-form RNA duplex within its segmented density, colored purple in a. The pre-miRNA, pre-let7, is not modeled, and the segmented density is colored red in b.
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Along with these plots, we calculated histograms of the frequency of cap-branch distance and branch length by projecting the 2D distributions along each of the respective axes. Additionally, we calculated the percentage of particles displaying cap-branch distances of ≤85, 86-120 or >120 Å, which we refer to as the closed, canonical and open states of the enzyme, respectively ( Table 1) . The apo-Dicer particles are tightly clustered around distances of ~100 Å for both cap-branch distance (95%) and branch length (Fig. 3b) , corresponding to the canonical conformation. Notably, the Dicer-RNA complexes showed significant deviations from the tightly clustered distribution of apo-Dicer in opposite directions for each substrate. ( Supplementary  Tables 1 and 2 show data statistics and significance tests, respectively.) The more efficiently cleavable substrate, pre-let7, induced more conformers (46%) in which the base branch bends away from the platform (cap-branch distance of ~130-140 Å) or an opening of the enzyme, coupled to an extension of the branch itself (branch length of ≥110 Å; Fig. 3c ). In contrast, the less efficiently cleavable duplex substrate, 37ab, showed a subpopulation of particles (40%) with an inward bending of the branch toward the platform (cap-branch distance of ~60-80 Å) or a closing of the enzyme, coupled with compaction of the branch (branch length of ≤100 Å; Fig. 3d ). For the Dicer-37ab complex, there is also a minor subpopulation of particles (27%) that exhibited the 'open' state of the enzyme, resembling the preferred conformation in Dicer-pre-let7.
Changes in cap-branch distance (AC) describe a pivoting of the base branch toward or away from the platform because this movement reflects an in-plane rotation of the domain (verified by 3D random conical tilt reconstruction, described below); however, we cannot rule npg A r t i c l e s out the possibility that changes in branch length (BC) describe an out-of-plane rotation as opposed to an extension or contraction of the domain itself. In either case, changes in the branch length still reflect unique states of the branch with respect to the core of the enzyme. Because human Dicer was purified by using established protocols 34 , and the same preparation was used between a majority of the focused classification experiments, these conformational changes are probably due to the presence of the RNA substrates, as any underlying biochemical heterogeneity would be constant.
Dicer's pre-miRNA substrates are diverse and can differ drastically in hairpin loop size, loop structure and extent of complementarity in the stem. We predicted that the opening of human Dicer that we observed in the presence of pre-let7 was a result of the enzyme's recognizing the terminal loop of this pre-miRNA. To test this hypothesis, we extended our conformational analysis to a second pre-miRNA substrate, zebrafish pre-miR-430 (ref. 35) . Whereas pre-let7 has a fairly large single-stranded terminal loop (~27 nt; Supplementary  Fig. 5a ), pre-miR-430 has a smaller terminal loop (~19 nt) and fewer mismatched base pairs in the stem (Supplementary Fig. 5b) .
Consistent with our hypothesis, pre-miR-430 induced a majority of Dicer particles (70%) into the open state of the enzyme, in which the base branch bends away from the platform ( Fig. 4a and  Supplementary Fig. 5c) . If the open conformation we observed for Dicer in complex with either of the two pre-miRNAs reflects the catalytically competent or more productive form of the enzyme, then pre-miR-430 should be processed at rates comparable to those for pre-let7 and substantially higher than those for the dsRNA 37ab. In agreement with this line of reasoning, Dicer cleavage assays showed that both pre-miRNAs were processed similarly at higher rates than for 37ab ( Fig. 4b) . Thus, the presence of the terminal loop within pre-miRNA substrates stabilizes the open conformation of Dicer, and this opening of the enzyme is correlated with increased rates of cleavage in vitro.
dsRBP-sampled conformational states of human Dicer
On the basis of our focused classification analysis of apo-Dicer and Dicer-RNA complexes, the helicase domain changes its position relative to the rigid core of Dicer in response to RNA substrates, which results in changes in the overall architecture of the enzyme. These findings suggest that the helicase domain is the primary sensor of RNA and that its conformation within Dicer selectively favors productive binding to particular types of substrates. In humans, Dicer functions in complex with the dsRBPs TRBP and PACT in its interactions with small RNA precursors. Previous biochemical and structural studies have indicated that these dsRBPs bind the DExH/D domain or the base branch of human Dicer 18, 36 . Because the branch is also the domain that senses RNA precursors, we hypothesized that dsRBPs may influence RNA binding and dicing activity by promoting productive conformations of the enzyme. Using the same 2D focused classification approach, we analyzed the structural dynamics of reconstituted Dicer-TRBP and Dicer-PACT complexes. Notably, the distribution of branch length versus cap-branch distance for the Dicer-TRBP complex closely resembled that for Dicer-37ab, particularly in capbranch distance ( Fig. 5a and Supplementary Fig. 5d ). There is a 
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A r t i c l e s branch. These results suggest that both dsRBPs have a role in rearranging the enzyme and suggest the involvement of PACT in Dicer processing of small RNA precursors.
Because the Dicer-PACT complex exhibited the three major states observed within our 2D analysis of apo-Dicer and Dicer-RNA complexes, we performed 3D reconstructions of these three states, using the random conical tilt 37 (RCT) methodology. Using reference-free 2D class averages matching unique subpopulations of particles in Dicer-pre-let7, apo-Dicer and Dicer-37ab ( Fig. 6a-c) , we obtained RCT models of the open, canonical and closed states of the enzyme (Supplementary Fig. 6a-d) . Using multimodel projection matching refinement, we determined the 3D structures of these conformers at ~26-Å resolution (on the basis of the 0.5 FSC criterion; Supplementary Fig. 6e-g) . Whereas the branch adopted different conformations with respect to the rest of the enzyme in all three reconstructions (Fig. 6a-c) , the platform and cap of the enzyme remained mostly unchanged (Fig. 6a-c) . This result confirms that the helicase domain, or base branch, is the component of the enzyme changing in response to RNA substrates and protein binding partners. Notably, all of the RCT reconstructions of negatively stained major subpopulation of particles (30%) exhibiting the closed conformation only seen in Dicer-37ab where the branch bends inward toward the platform with contraction of the branch.
The human Dicer-TRBP heterodimer cleaves 37ab at rates 500% higher than by Dicer alone 10 . Because the binding affinities of human Dicer and human Dicer-TRBP to this substrate are similar 9 , we hypothesized that the enhanced cleavage activity may be the result of TRBP facilitating conformational changes in human Dicer upon RNA binding for productive substrate loading. If this productive loading event is occurring, the Dicer-TRBP-37ab particles would selectively favor the open conformation observed for both Dicer-pre-miRNA particles. Indeed, the distribution of branch length versus cap-branch distance showed a pronounced shift away from both Dicer-TRBP and Dicer-37ab distributions and toward Dicer-pre-let7 and Dicer-pre-miR-430 distributions ( Fig. 5b and Supplementary Fig. 5e) , with a majority of particles (85%) showing a bending of the base branch away from the platform or an opening of the enzyme. Because the Dicer-TRBP heterodimer alone and Dicer-37ab both exhibit the closed conformation of the enzyme, it is possible that this state is an on-pathway loading intermediate.
In contrast to those of Dicer-TRBP, the biochemical properties of Dicer-PACT are poorly understood. The distribution of branch length versus cap-branch distances for the Dicer-PACT complex showed two subpopulations of particles matching states observed in both Dicer-37ab and Dicer-pre-let7 ( Fig. 5c and Supplementary  Fig. 5f,g) . There is a major class of particles exhibiting a rotation of the base branch away from the platform or open state (35%) with an extension of the branch, similarly to the preferred conformation of Dicer-pre-let7. There is also a minor class of particles that resembled the closed conformation (16%) only seen in Dicer-37ab where the branch bends inward toward the platform with contraction of the npg A r t i c l e s apo-Dicer particles exhibited the canonical orientation of the branch (Supplementary Fig. 7a,b) . The RCT analysis supports the argument that the different 2D states reflect unique 3D structures present within our samples.
DISCUSSION
Cryo-EM structures of Dicer-RNA complexes indicate that Dicer uses distinct recognition modes for pre-miRNA and pre-siRNA substrates, with both involving capture by the N-terminal helicase domain. A quantitative analysis of human Dicer conformational dynamics shows that binding of small RNA precursors and the presence of dsRBP partners confer substrate-and cofactor-specific rearrangements of the helicase domain, whereas the cap and platform core of the enzyme remains unchanged. These results suggest that the N-terminal ATPase-helicase domain acts as the primary RNA sensor for discriminating between the dsRNA molecules that the enzyme encounters in the cell and provides the structural basis for human Dicer's substrate specificity (Fig. 7) .
On the basis of our antibody-labeling results, the catalytic RNase IIIa and IIIb domains are positioned in the platform of human Dicer directly under the base branch, which we previously determined is the N-terminal DExH/D domain, while the PAZ-DUF283 domains are in the cap at the other end of the platform. The reconstructions of human Dicer-pre-let7 and Dicer-37ab indicate that the DExH/D domain is responsible for constraining one end of the RNA substrate. In the case of Dicer-37ab, the pre-siRNA is held between the helicase and PAZ domains, away from the enzyme's catalytic core. In contrast, the additional density in the Dicer-pre-let7 reconstruction, attributed to pre-let7 RNA, is near the catalytic platform of the enzyme, and thus is ready for processing, while also interacting with the base branch. The bending of the base branch away from the platform observed in our Dicer-pre-let7 reconstruction may allow the pre-let7 substrate to gain access to the RNase IIIa and IIIb sites that are otherwise sterically occluded. On the basis of our two substrate-bound structures, a dsRNA precursor ≥30 bp in length would be wedged between the PAZ domain and the DExH/D domain and therefore would not be cleaved efficiently by the enzyme. This mirrors a previous study that found duplexes of >27 bp to be poor Dicer substrates 38 .
Compared to a pre-siRNA, a pre-miRNA's distinct features include mismatches in the stem region and a loop opposite the terminal end of the stem. This combination of features could allow miRNA precursors to evade inhibition by the helicase domain. Specifically, the terminal single-stranded loop of pre-miRNAs might interact with the helicase domain along a different surface or by a different mode than do the helical ends of siRNA precursors. In agreement with this hypothesis, inserting a mismatch within a perfectly matched stem does not abrogate the inhibitory effect of the DExH/D domain 16 Binding of a pre-miRNA occurs along the platform and is accompanied by an outward bending of the helicase domain away from the platform while pre-siRNAs are trapped between the PAZ and helicase domain away from the catalytic sites. dsRBPs may poise the enzyme for recognition of RNA precursors and/or productive loading of the enzyme. Dicer was drawn by tracing the contour of a class average from each state.
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A r t i c l e s domain and favors cleavage rates comparable to those of pre-let7 (ref. 16 ). Alternatively, pre-miRNAs may evade this inhibition by folding into complex tertiary structures or by taking advantage of a flexible terminal loop for access to the platform. In agreement with the former, recent studies suggest that the terminal loop of primary-let7, the precursor of pre-let7, is structured [39] [40] [41] . It is possible that the compact globular density attributed to pre-let7 in our cryo-EM reconstruction is the structured terminal loop of this pre-miRNA. Dicer binding to 37ab and pre-let7 populates conformations of the enzyme that are closed and opened, respectively. Because the branch is reorganized in response to RNA precursors, the helicase domain of human Dicer is probably the primary sensor of RNA for the enzyme, and the effect of its position on the architecture of Dicer selectively promotes binding of certain RNA substrates. We hypothesize that the opening of the base branch of human Dicer in complex with pre-let7 and pre-miR-430 might be the catalytically competent state of the enzyme. This state could be induced by the interaction of the pre-miRNA's terminal loop with the DExH/D domain. Our cryo-EM reconstruction of Dicer-pre-let7 shows both the additional density for pre-let7 along the platform and an outward bending of the branch. Additionally, a recent study showed that human Dicer uses a loopcounting rule in vivo 42 . It is possible that human Dicer's helicase domain recognizes the loop and is the actual sensor in this counting mechanism through the domain reorganization we observed. The closed state of the enzyme observed in a subpopulation of Dicer bound to the pre-siRNA probably represents the autoinhibited state of the enzyme or an RNA-loading intermediate.
The Dicer-TRBP complex exhibits a subpopulation of particles in the closed conformation unique to Dicer-37ab complexes. Conversely, the tripartite Dicer-TRBP-37ab complex shifts the distribution of cap-branch distances into the open conformation, similar to the state observed for Dicer in the presence of either pre-miRNA substrate. This suggests that TRBP is important for correctly loading the dsRNA substrate for productive processing. The Dicer-PACT complex straddles the conformational space observed for both Dicer-pre-miRNA complexes. The association of PACT with Dicer may arrange and poise the enzyme for successful RNA binding, loading or processing. The 3D model of the closed state clearly shows the branch in a position to exclude RNA binding from the platform or the catalytic core of the enzyme. In contrast, the 3D model of the open state of the enzyme shows the base branch bent away from the platform, thus enabling this channel to accommodate RNA substrates.
Several studies have shown that Drosophila Dicer-1 and Dicer-2 use distinct strategies for discriminating between and processing their respective substrates 15, 43 . Although human Dicer is a nonprocessive ATP-independent enzyme on long dsRNA 44 , if the molecular architecture of Dicer-2 is conserved as reported 19 , the state we observed could be similar to the altered reaction mode proposed for Dicer-2 in processing dsRNA 14, 43 . The ATPase-helicase domain may clamp around the RNA precursor for repositioning Dicer along long dsRNA during processive cleavage by the enzyme. Our cryo-EM structure of Dicer bound to pre-let7 shows that this RNA adopts a conformation remarkably different from that of an A-form RNA duplex for productive enzyme-substrate complex formation, similar to the mechanism reported for specific recognition of pre-miRNA structural features by Dicer-1 (ref. 15 ). We hypothesize that human Dicer uses similar strategies to those of both Dicer-1 and Dicer-2 for recognition and processing of both types of substrates. Additionally, other studies have demonstrated evolutionary conservation of a short ~42-nt pre-miRNA that bypasses Dicer for processing by Argonaute2 (refs. 45, 46) . Our results suggest that there are other evolutionary pressures on pre-miRNA structure. It is tempting to hypothesize that certain Dicer-dependent pre-miRNA hairpins have evolved distinctive structures to favor interaction and processing by Dicer, perhaps to rapidly increase levels of mature miRNAs for system robustness or for important developmental transitions.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Negative-stain electron microscopy sample preparation and data collection.
We diluted hDicer, hDicer-RNA and hDicer-antibody samples for negative-stain EM to a concentration of ~50 nM in 20 mM HEPES, pH 7.5, 150 mM KCl, 3 mM EDTA, 1 mM DTT and 2.5% glycerol immediately before applying the sample to glow-discharged holey carbon grids with a thin layer of carbon over the holes. After adsorption for 1 min, we stained the samples consecutively with three droplets of 2% (w/v) uranyl formate solution, blotted off the residual stain and air-dried the sample in a hood. We examined the specimens by using an FEI Tecnai-12 electron microscope equipped with a LaB6 filament and operated at 120 kV acceleration voltage, using a nominal magnification of 42,000. We recorded images on a 4,000 × 4,000 CCD camera (Gatan) with a pixel size of 2.6 Å, using low-dose mode with an exposure dose of 20-30 e − Å −2 . The defocus used to collect images was −0.8 µm to −1.1 µm.
2D analysis of Dicer-antibody complexes.
We performed semiautomatic particle picking by using EMAN 47 to box particles from the raw micrographs into boxes of 158 × 158 and 170 × 170 square pixels for mAb 77-and mAb 83-labeled Dicer complexes, respectively. The particles were high-pass and low-pass filtered and normalized before analysis. Raw particles (1,500-2,000) of each Dicerantibody complex were subjected to reference-free alignment and classification by using multivariate statistical analysis and multireference alignment in IMAGIC 48 to a total of 60-100 classes (~20 particles per class).
ZPC-cryo-electron microscopy sample preparation and data collection.
We diluted hDicer and hDicer-RNA complexes for cryo-EM to a concentration of ~200 nM in 20 mM HEPES, pH 7.5, 150 mM KCl, 3 mM EDTA, 1 mM DTT and 2.5% glycerol immediately before applying the sample to glow-discharged Quantifoil R 1.2/1.3 MO 200 mesh holey carbon grids. The samples were automatically blotted for 4-5 s at −2.5 mm offset in 100% humidity at 22 °C and flash frozen into liquid ethane by using an FEI Vitrobot. Ice thickness of the sample ranged from 50 to 120 nm when using this method. Grids were examined with a JEM-3100FFC (JEOL) cryo-EM. The microscope was equipped with a field emission gun and an in-column (omega-type) energy filter. The microscope was operated at 300 kV acceleration voltage, with in-focus Zernike phase contrast imaging conditions 27 . The specimen temperature was maintained at ~55 K, as described for JEM-3100FFC 27 . The Zernike phase plate, inserted at the back focal plane of the objective lens, was made of a vacuum-evaporated amorphous carbon film with a thickness of ~27 nm, optimized for 300 kV electrons. The central hole in the phase plate was 0.5 µm in diameter, corresponding to a 25-nm frequency cutoff in the image. The phase plate was continuously maintained above 200 °C to prevent beam-induced contamination 49 . Data were collected at a detector magnification of 100,000 by using zero-loss energy filtering with a 20 eV slit width and an incident electron dose of 20 e − Å −2 . Images were recorded on a 2,000 × 2,000 CCD camera (Megascan 795, Gatan) with a pixel size of 3.07 Å. Data acquisition was performed with a minimum-dose system implemented by the manufacturer and using specially developed software that communicates with the TEM controller (JEOL) to include alignment of the phase plate in the sequence 22 .
Cryo-electron microscopy reconstructions. Particles in the filtered micrographs (described in Supplementary Note) were boxed semiautomatically by using boxer in EMAN 47 . Briefly, particles were selected by using the raw ZPCcryo-EM micrographs, and these coordinates were used for extracting the particles from the corresponding filtered micrographs. We accumulated 6,000, 24,000 and 12,000 particles from ZPC-cryo-EM micrographs of apo-Dicer, Dicer-37ab and Dicer-pre-let7 specimens, respectively. For the reconstructions of apo-Dicer and Dicer in complex with its RNA substrate, we used standard projection matching refinement of raw particles in SPIDER 50 against our previous 3D reconstruction of human Dicer obtained by negative-stain EM low-pass filtered to 80 Å as the initial model.
Maximum-likelihood 3D analysis 31 was performed on apo-Dicer and the Dicer-RNA complexes to reveal any conformational heterogeneity among the particles. Briefly, each data set was first aligned to the low-pass-filtered model obtained from the projection matching refinement to correct normalization errors, and an arbitrary number of seed models (three or four, to maintain a reasonable number of particles within each subgroup) from randomly generated subgroups of each data set were reconstructed for further analysis. We then used the ML3D 31 function in Xmipp 51 to reconstruct the 3D models of each sample by using an iterative maximum-likelihood reconstruction algorithm. Although heterogeneity was not apparent in the apo-Dicer data set, we observed pronounced differences among the models for both Dicer-RNA complexes, that is, the presence or absence of an additional density in the models. Among these, the subpopulation of particles with the most prominent additional density was used for projection matching refinement against the corresponding ML3D output model in Xmipp 51 . This combination of heterogeneity analysis and projection matching refinement led to the final reconstruction of human Dicer-37ab.
For the Dicer-pre-let7 reconstruction, we were able to improve the model by using multimodel refinement with EMAN2 (ref. 52 ) and SPARX 53 libraries for iterative projection matching refinement as described 54 by using the three final Dicer-PACT conformers as initial models. The model with the clearest features after refinement showed both an additional density and an outward bending of the helicase domain away from the platform. This model had excellent agreement between its reprojections and reference-free class averages and served as our final reconstruction of Dicer-pre-let7. The 3D maximumlikelihood-refinement reconstructions of Dicer-37ab and Dicer-pre-let7 have been validated by several conventional single-particle methods currently employed in the field (FSC curves, Euler angle distribution and matching reference-free 2D class averages to reprojections of the structure; Supplementary  Fig. 3) . The reconstruction presented for each of the RNA-bound Dicer complexes comes from the map with both the largest subgroup of particles being sorted into the resulting structure and clear additional density for the RNA substrate. We ran the maximum-likelihood reconstruction algorithm at least three times for each Dicer-RNA complex and found identical results. Moreover, we used several starting models for the creation of the initial seeds of the refinement procedure and obtained reconstructions with similar features and placement of additional density for the RNA-bound enzyme.
Focused 2D classification of Dicer complexes.
To study the effect of RNA on the structure of Dicer, we used a focused classification scheme for 2D alignment and classification of the particles (Supplementary Fig. 4) . First, we used semiautomated particle picking in EMAN 47 to collect between 4,000 and 10,000 individual particle images for each sample. All of the individual particle stacks from each data set were subjected to iterative reference-free 2D alignment and classification by a neural-network classification approach 55 and multireference alignment 48 (MRA) to a final number of ~200 classes (Supplementary Fig. 4a,b) . We focused the remainder of the analysis on particles extracted from classes that showed Dicer in the characteristic L-shaped view. These particles were aligned to the rigid platform-cap core (Supplementary Fig. 4c ) by using MRA in IMAGIC 48 . We then performed multivariate statistical analysis (MSA) in IMAGIC within a mask around the large region delimited by sites populated by the mobile helicase domain. Eigenimages showed the conformational flexibility in this region (Supplementary Fig. 4e ). Hierarchical ascendant classification was used to group the particles into classes of ~20 particles per class (Supplementary Fig. 4f) .
Boxes of ten square pixels were placed on the class averages in the middle of the cap, the knob at the end of the platform and the center of the tip of the base branch by using BOXER in EMAN 47 . The centers of these boxes were used as points A, B and C, respectively, for calculating AC (cap-branch distance), BC (branch length) and AB (platform length) by using the distance formula (Supplementary Fig. 4g ). BC versus AC distances were plotted for each sample by using MATLAB (MathWorks). Histograms of BC and AC distances along the axes were constructed by binning the distances into 10-Å intervals in MATLAB and were fitted by using a maximum-likelihood estimation of a mixed Gaussian distribution ('gmdistribution.fit').
Random conical tilt (RCT) reconstruction of Dicer-PACT.
Tilt pairs of micrographs were recorded manually at 0° and 60°, as described above ( Supplementary  Fig. 6a ). For the 3D reconstructions of conformers in our focused 2D classification of Dicer complexes, we generated ab initio models using the random conical tilt method (RCT) 37 with the RCT module 56 in the Appion image-processing pipeline 57 . Particles were correlated between tilt pairs automatically by using TiltPicker 58 , binned by a factor of 2 and extracted from raw micrographs. The untilted particle images were subjected to iterative maximum-likelihood npg classification and averaging by using the ml2d 59 command in Xmipp 51 , and RCT volumes were calculated for each class average by using back-projection in SPIDER 50 on the basis of the angles and shifts used in aligning untilted particles and the angle between tilt pairs. These RCT models were low-pass filtered and subjected to multimodel iterative projection matching refinement by using the untilted particle images as previously described 54 with libraries from EMAN2 (ref. 52 ) and SPARX 53 (Supplementary Fig. 6b-g) .
